Abstract St. Louis encephalitis virus (SLEV), a member of the family Flaviviridae, genus Flavivirus, is a causative agent of encephalitis in the Americas. In Brazil, sporadic cases of SLEV infection have been reported since 1953, but the first outbreak of SLEV in Brazil was identified only in 2007, concomitant with an outbreak of dengue virus (DENV) serotype 3. This finding, along with other reports, indicates that SLEV circulation in Brazil is largely unknown, and there may be epidemiological implications of the co-circulation of SLEV, DENV and other flaviviruses in Brazil. Here, we describe the first complete genome sequence of an SLEV strain isolated from a human patient in Brazil, strain BeH 355964. Phylogenetic analysis was performed to determine the genotype of BeH 355964 using the full-length genome and envelope (E) gene sequences separately. Both analyses showed that BeH 355964 could be classified as genotype V. Although the number of single gene sequences available is greater (such as for the E gene), the phylogenetic tree based on the complete genome sequence was better supported and provided further information about the virus.
Introduction
St. Louis encephalitis virus (SLEV) is a member of the family Flaviviridae, genus Flavivirus [1] , which also includes important human pathogens such as dengue virus (DENV), West Nile virus (WNV) and yellow fever virus (YFV). Infection with SLEV may cause encephalitis, which is a life-threatening condition, with lethality rates up to 30 % and possible neurological sequelae in survivors [2] . Other flaviviruses may also cause encephalitis, exemplified by WNV, Rocio virus (ROCV) and Japanese encephalitis virus (JEV), which are grouped in the JEV serocomplex within the genus Flavivirus [3, 4] . SLEV and other flaviviruses are positive-stranded RNA viruses, whose genomes are about 11 kilobases (kb) in length. The SLEV life cycle is maintained by virus transmission between Culex ssp. mosquitoes and birds, but monkeys, sloths, armadillos and marsupials could also be reservoirs [5] . SLEV was recently isolated from the brain of a horse diagnosed with severe neurological disease in the countryside of Minas Gerais State [2] , indicating that equines can develop disease after infection, like humans. It is important to note that although they become infected, humans and horses are considered dead-end hosts because they do not develop sufficient viremia for further transmission [6] .
SLEV is widely dispersed in North and South America [7, 8] and is considered endemic on this continent, with cases being diagnosed from Canada to Argentina [9] [10] [11] [12] . The first human encephalitis cases attributed to SLEV took place in the city of St. Louis, in the United States, in 1933. In the following decades, several reports have indicated that SLEV was present in South America, which was shown by SLEV isolation from insects and humans or by detection of reactive antibodies [5, 13] . In Argentina and Brazil, human cases of SLEV infection have been reported sporadically [8, [14] [15] [16] .
In Brazil, the first SLEV outbreak was identified at the same time as a DENV-3 outbreak in the countryside of São Paulo state, by molecular-biology-based techniques. Dengue is a huge health problem and is the most important disease caused by an arbovirus in Brazil. Considering the endemicity of dengue and the fact that SLEV and DENV are difficult to discern by common serological methods, it is likely that the number of SLEV infections reported in Brazil has been underestimated and that SLE infections are frequently misidentified as DENV infections [17] . The epidemiological implications of such findings need to be investigated further.
SLEV strains can be divided into eight genotypes (I to VIII), based on their envelope protein sequences, which are similar between viruses of similar geographic regions [2, [17] [18] [19] . Genotypes I and II mainly circulate in North America, and genotypes III to VIII are found in Central and South America. Infection with different SLEV genotypes may be associated with varying levels of viremia, neurovirulence and severity of disease, which might explain differences between SLEV outbreaks reported throughout the Americas [20, 21] .
Materials and methods
In this study, we analyzed the first complete sequence of Saint Louis encephalitis virus (SLEV) isolated from a human in Brazil, obtained by Illumina technology. The original sample was collected from a 21-year-old female patient from Belém, Pará, who was hospitalized in 1978 with severe headache, fever, chills, pain and jaundice. The strain was named ''BeH 355964'' (which stands for Belém, human host, strain number 355964). Anti-SLEV antibody was initially identified by complement-fixing and neutralization tests. The virus was isolated from the patient's blood in suckling mice [22] and propagated for several passages in C6/36 cells in several different laboratories. SLEV BeH 355964 has been used as a laboratory reference strain since its isolation [22] and has been properly stored until its use in several studies [23] . The identity of SLEV BeH 355964 was previously confirmed by multiplex RT nested PCR as described elsewhere [24] and reconfirmed in separate laboratories prior to the sequencing process (data not shown). However, genetic characterization was not performed.
To sequence the SLEV BeH 355964 genome, stored supernatant from infected C6/36 cells was used for RNA extraction using a QIAamp Viral RNA Kit (QIAGEN N.V.) and treated with DNAse (Sigma-Aldrich) according to the manufacturer's instructions. The cDNA was synthesized using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) followed by double-stranded cDNA synthesis as described elsewhere [25] . The final sample was subjected to sequencing for 300 cycles using Illumina platform (Illumina, Inc.) MiSeq Reagent Kits. The sequence was assembled using Geneious software (Biomatters Ltd.) using SLEV strain 75D90/1975, genotype V, as reference (GenBank accession number EF158054) [26] .
The phylogenetic relationships between SLEV BeH355964 and other strains were investigated using genome (31 SLEV genomes sequences spanning 10,259 nt from the polyprotein coding region, Supplementary Table S1) or envelope gene sequences (158 sequences spanning 1,498 nt, Supplementary Table S2 ). The samples included in the phylogenetic reconstructions were sequenced from viruses isolated from 1933 to 2008 from humans, reservoir animals (birds, primates, rodents and marsupials) or vectors (mosquitoes). A multiple sequence alignment was generated using the default parameters of ClustalW (considering the codons) implemented in Molecular Evolutionary Genetics Analysis Software (MEGA v.6.0). The alignment was then visually inspected and hand edited when necessary. Maximum-likelihood trees were constructed using genome or envelope gene sequences with the general timereversible model and gamma distribution rates in four categories (GTR ?G4) implemented in MEGA 6.0 [27] . The reliability of branching patterns was tested using 1000 bootstrap replicates.
We also analyzed amino acid substitutions throughout the polyprotein and the distance and diversity between nucleotide and amino acid sequences. Substitutions between amino acids were searched in the same dataset used for phylogenetic reconstructions using strain 75D90/1975 as a reference. The distance and diversity were also estimated applying the Tamura-Nei model for nt substitutions and the Jones-Taylor-Thornton model for aa substitutions. The analyses were performed using MEGA 6.0 [27] with 1000 bootstrap replicates.
Results
After sequencing and analysis, we assembled a total of 10,861 nucleotides from the SLEV BeH 355964 genome, spanning the entire viral polyprotein coding region and part of the UTRs (92 nucleotides of 5 0 the UTR and 507 nucleotides of the 3 0 UTR). Given that flavivirus genomes are roughly 11 kb in length, and based on other reports from the literature [26] , we estimate that 98 % of the SLEV genome was covered. The genome sequence of SLEV BeH 355964 was deposited in GenBank under accession number KM267635. We identified all proteins and peptides, and those annotations were included in the sequence submitted to GenBank (Fig. 1) .
In the phylogenetic tree based on the genome sequence, the sequences were subdivided into seven genotypes (genotypes I to VII) (Fig. 2) . Strain BeH 355964 was grouped within genotype V, together with other Brazilian SLEV strains, such as BeAn 246262, BeAr 23379 and BeAn 247377, with good bootstrap support of 99 %. When the nucleotide and deduced amino acid sequences of the polyprotein-encoding region were analyzed, these four Brazilian strains showed 2.7 % and 0.45 % diversity in their nucleotide and amino acid sequences, respectively. We identified six amino acid differences among the Brazilian strains BeAn246262, BeAr23379, BeAn247377 and BeH355964 (using the 75D90/1975 strain as a reference and counting from the first amino acid of the polyprotein): K442N (envelope protein E), G997E (nonstructural protein 1), V1873I and R2088K (serine protease NS3) T2692A and I3094V (RNA-directed RNA polymerase NS5) (Supplementary Table S3) .
When we compared all 31 amino acid sequences (using 75D90/1975 strain as a reference and counting from the first amino acid of the polyprotein), we observed 27 replacements that occurred more frequently than others: R10K (capsid protein C); G108R (ER anchor for the protein C); R273K (prM); K442N, S444F and A604T (envelope protein E); D820G, G891R, M913V, T1047 (N, V, I or A) (non-structural protein 1); I1592 (T, M or A) (nonstructural protein 2A); K1748R, R1803K, R1807K, S1853N, V1873I, Y2054H, R2088K, R2093K (serine protease NS3); V2294 (G, A or T), A2343S, T2388A, V2395I (non-structural protein 4B); T2692A, I2919V, H3030Y, D3084G and M3162T (RNA-directed RNA polymerase NS5); (Supplementary Table S4) .
Phylogenetic analysis based on the envelope gene sequence also confirmed the clustering of BeH 355964 within genotype V (although with a lower bootstrap support of 76 % (Fig. 3) . Some sequences analyzed in this study had not been genotyped previously: (i) the Brazilian strains BeAn156204/1969, isolated from a chicken, and BeAn70092/1964, isolated from a kingfisher, which were grouped within genotype V and were closely related to other Brazilian strains; (ii) strain Imperial Valley, which was obtained from Culex tarsalis in 2003 and also grouped within genotype V; and (iii) strain SPAn11916/2006 (isolated from sentinel mice), which grouped within genotype II with the Brazilian strain SPAn9398/1968 (Fig. 3) .
Discussion
In this study, we report the first complete sequence of an SLEV strain isolated in Brazil from a human. The phylogenetic tree based on the genome sequence had a topology similar to those reported by other authors [2, 18, 26, [28] [29] [30] . Although the genotype VIII had already been described [19] based on the envelope sequence, full-genome sequences of genotype VIII strains were not available at the time we performed this study. The first analysis indicated that BeH 355964 belongs to genotype V and has a high degree of sequence similarity to BeAn 246262, BeAr 23379 and BeAn 247377. Although all of those strains were closely related and had been isolated in North region The polyprotein sequences of 31 SLEV strains were compared to a reference sample (75D90/1975) and showed a number of variations. Some of them were present in potential cytoplasmic regions (G107R, R273K, M913V and L, T1047K, N, V, I and A, I1592T, M and A, K1748R, R2093K and V2395I), some in potential extracellular regions (K442n, S444F and A, A604T, D820G AND G891R and K), and one in a transmembrane region (H3030Y), as described previously in two different studies about SLEV genomes [26, 31] . Two mutations were identified in two important domains: A604T in the peptidase S7 domain of the envelope protein E, and I1592 T, M and A in the helicase ATP-binding domain of the serine protease NS3 [26, 31] .
Phylogenetic analysis based on the envelope gene sequence also confirmed the clustering of BeH 355964 within genotype V and as described by Rodrigues and collaborators in 2010 [19] . Brazilian strains within genotypes II, III and V were closely related to strains from South, Central and North America, which could be a result of occasional migration events of viruses between these areas. The clustering of Imperial Valley strain (2003) within genotype V might indicate a movement of that strain between Brazil and California, possibly carried by migratory birds, as occurs with other flavivirus [29, [31] [32] [33] [34] .
We did not observe any correlation between phylogenetic clustering and the host from which each virus strain was isolated. In our analyses, strains from Palenque National Park in Mexico formed a different group without genotype classification, as reported by Kopp and colleagues [28] . We believe that the Palenque strains may behave as an outgroup due to their ancestral characteristics when compared to the other strains included in the reconstructions.
Our analysis confirmed that BeH355964 is a member of genotype V. Based on their phylogenetic proximity, it is possible that viruses are moving between Brazil and South, Central and North American countries. This fact, together with the epidemiological implications of other flaviviruses circulating in Brazil, indicates the need for a better understanding of SLEV biology and epidemiology, for which we suggest the use of complete genome sequences in addition to the envelope gene sequence, to perform evolutionary and phylogenetic studies of SLEV strains, including Brazilian ones. Also, the study the complete genome of SLEV can bring more information about virus dispersion in Brazil and in the world while providing tools for the study of proteins and their variability.
